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Abstract 
Aerodynamic shape optimization (ASO) of a hypersonic wing profile has been carried out for the alleviation of the severe 
aerodynamic heating on the stagnation point. Free-form deformation (FFD) and transfinite interpolation (TFI) are used for 
parametric modeling and grid deformation. The Navier-Stokes equations, combined with the equations for thermochemical 
nonequilibrium effect, are solved by an in-house finite volume computational fluid dynamics (CFD) solver. Results from the 
gradient-based optimization show that the values of maximum heat flux are decreased significantly, and the optimized shapes are 
obviously different for the real gas and perfect gas assumptions. The optimization case indicates that the real gas effects should 
be taken into consideration in the design process of hypersonic vehicles. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Aerodynamic shape optimization plays an increasingly significant role in the design process of modern aircrafts. 
This fact can be supported by the tremendous amount of research work from the literatures in the past few years. To 
obtain the high-fidelity optimized results, technique of CFD has been widely adopted as an effective simulation tool 
for a variety of design cases such as airfoil, wing and the full aircraft [1].  
For hypersonic flows, thermal protection system is an important part of the whole vehicle system. It is necessary 
to optimize the shape of vehicles, not only for the improvement of aerodynamic performance, but also for the 
aerothermodynamic performance. Typical work on aerothermodynamic optimization can be found from Ahmed and 
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Qin [2], who performed multi-objective optimization for a hypersonic spiked shape to minimize drag and heating, 
and Pareto front solutions were obtained. Another work was done by Yumusak and Eyi [3], who optimized a 
hypersonic blunt geometry by Euler and the finite rate chemical reaction equations, and drag was minimized while 
the maximum temperature was constrained to a specified value. 
In view of the severe aerodynamic heating environment, which may have substantial effect on thermal protection 
system for hypersonic vehicles, this paper will pay attention to the aerothermodynamic optimization of wing profile 
for a hypersonic re-entry vehicle by a high-fidelity CFD-based ASO method. Specifically, the objective of this work 
is to alleviate the aerodynamic heating for a wing in hypersonic thermochemical nonequilibrium flow by changing 
the shape of its leading edge. 
2. Parametric modeling and grid deformation 
In order to change the geometry shape conveniently, the geometry should firstly be parameterized. Many 
parametric modeling techniques [4] are capable of dealing with the simple wing profile, and the free form 
deformation method is chose at present. The FFD method proposed by Sederberg and Parry [5] was originally used 
in computer graphics. It uses a control volume to manipulate the object, and change of the shape is achieved by 
moving the control points. In this work, the NACA0012-64 airfoil, which has been used for Columbia space shuttle, 
is selected as the baseline profile for the hypersonic wing. Figure 1 shows the control volume used to manipulate the 
leading edge of the airfoil and the vertical movements of the seven control points specified are regarded as the 
design variables. Multi-block structured grid is used for simulations, also shown in figure 1. After the change of the 
solidwall, a transfinite interpolation technique [6] is performed for the deformation of the grid. The TFI technique is 
a commonly used grid deformation method, which possesses the merits of high efficiency and preserving the quality 
of initial grid. 
 
Fig. 1. (a) control volume and design variables; (b) initial grid for simulation 
3. Flow solver 
To obtain the aerodynamic and aerothermodynamic results accurately, an in-house high-fidelity CFD solver is 
used in the optimization process. The solver is a parallel, time-dependent, multi-block code for compressible flows, 
and the governing equations involved at present are the three-dimensional Navier-Stokes equations with finite-rate 
chemistry model, which can be expressed as: 
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here, Q is the vector of conservative variables, E , F , G  are inviscid fluxes, vE , vF , vG  are viscid fluxes, and S  
is the source term for chemistry model. 
191 Chenchao Xia and Weifang Chen /  Procedia Engineering  126 ( 2015 )  189 – 193 
In this work, the inviscid fluxes are computed by the upwind AUSMPW+ scheme, and viscid fluxes are centrally 
discretized. The MUSCL interpolation technique, along with a van Albada limiter function is used to prevent 
oscillations and obtain the second-order accuracy. Steady solution is achieved by the Lower Upper Symmetric 
Gauss-Seidel (LU-SGS) method, and the chemical source term is treated by a point implicit technique. Although the 
solver is capable of simulating turbulent flows, the simulations in this work are performed under laminar condition 
because of the relatively low Reynolds number. As for the real gas effects, thermochemical nonequilibrium is 
considered by Park’s two-temperature model and Gupta’s reaction model. Specifically, the translational and 
rotational modes are described by one translational temperature, while the vibrational and electron modes are 
described by another vibrational temperature. The finite rate chemistry model used in this work including 7 species  
( 2O , 2N , NO , N , O , 
+NO , e ) and 7 reactions. Details of the solver can be found in the previous works [7, 8]. 
A typical flight point from the trajectory of FTB-X vehicle at Mach 20.29, angle of attack of 25.3° and Reynolds 
number of 29300, is selected as the design point for optimization [9]. Simulation results of the baseline airfoil under 
the conditions of design point are showed in figure 2, including the heat flux, Mach contour and mass fraction 
contour of Oxygen atom. Strong bow shock caused by high speed can be clearly witnessed from the figure. 
Moreover, it can be noted that the maximum heat flux on the leading edge is approximately 2 MW/m2, which is a 
very high value and a great challenge for the thermal protection system. 
 
Fig. 2. (a) contour of Mach number; (b)  contour of Oxygen atom; (c) heat flux distribution on solidwall 
4. Optimization method 
The modules of parametric modeling, grid deformation, and CFD analysis are integrated by the open-source 
Design and Analysis Kit for Optimization and Terascale Applications (DAKOTA) toolkit [10]. The DAKOTA 
software has a variety of optimization algorithms and has been applied to plenty of cases. Besides, the toolkit can 
couple with the user’s analysis code conveniently. In this work, the gradient-based optimization method (CONMIN) 
is used to obtain the results. The main reason to choose the gradient-based method is that it requires few CFD 
analyses to get local minima or maxima. Because of the high computational cost of performing a high-fidelity 
simulation with chemical reactions, it is unrealistic at present to carry out a global optimization, which may need 
hundreds or thousands of CFD calculations. Generally, the number of CFD analyses required for a converged result 
in this work is about 30.  
4. Results and discussion 
Optimizations of the airfoil are performed under the constraint that the lift-drag ratio changes little, and the only 
objective is to decrease the maximum value of heat flux. Specifically, the lift-drag ratio should not less than 99% of 
the initial value. The dimensionless convergence histories under real gas and perfect gas assumptions with two finite 
difference step size for gradient calculations (0.025 and 0.075) are depicted in figure 3. Clearly, the optimization 
processes converge to local minima after approximately ten iterations, which show the high efficiency of the 
gradient-based method. The maximum values of heat flux, namely the heat flux on the stagnation point are 
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significantly reduced. Accurately, a drop of 16.3% and a drop of 14.9% are achieved for real gas and perfect 
assumptions respectively for step size 0.025, and the declines are 14.4% and 14.9% for step size 0.075. It is evident 
from the figure that the step size has some effect on the optimization processes, and reasonable value should be 
chose when gradient calculations are needed. Shown in figure 4 is the comparison of airfoil shapes before and after 
optimizations. Again, we can see that the optimized shapes under real gas assumption are affected by the step size. 
The optimized shapes under perfect gas assumption are the same because they both reach the variable limits at this 
case. Moreover, we can notice that all of the optimized shapes have larger thicknesses, and have a blunter leading 
edge than the baseline, especially on the lower surfaces. This is understandable because the blunter the leading edge 
is, the lower value of maximum heat flux the leading edge has. Notably, the optimized shapes are strikingly different 
from each other, namely the shape obtained from the perfect gas assumption has a larger thickness than the shape 
obtained from the real gas assumption, which indicate that the real gas effects are non-neglectable in the shape 
optimization of hypersonic vehicles. 
         
Fig. 3. (a) convergence history step size 1; (b) convergence history step size 2 
        
Fig. 4. (a) comparison of optimized shapes for step size 1; (b) comparison of optimized shapes for step size 2 
4. Conclusions 
Aerothermodynamic optimization of a hypersonic wing profile has been performed to evaluate the effects of 
thermochemical nonequilibrium on hypersonic optimization cases. A gradient-based optimization method based on 
the DAKOTA toolkit is used and satisfactory results are obtained. It is found that the optimized airfoil shapes are 
obviously different for the assumptions of real gas and perfect gas. Besides, the step size used for gradient 
calculations should be set appropriately. Further works will be focused on the surrogate-based global optimization of 
complex configurations for chemical reacting flows. 
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